Human immunodeficiency virus type 1 (HIV-1) superinfection refers to the acquisition of another strain by an already infected individual. Here we report a comprehensive genetic analysis of an HIV-1 superinfection acquired heterosexually. The infected individual was in a high-risk cohort in Tanzania, was exposed to multiple subtypes, and was systematically evaluated every 3 months with a fluorescent multiregion genotyping assay. The subject was identified in the window period and was first infected with a complex ACD recombinant strain, became superinfected 6 to 9 months later with an AC recombinant, and was monitored for >2.5 years. The plasma viral load exceeded 400,000 copies/ml during the first 9 months of infection but resolved to the set point of 67,000 copies/ml by 3 months after superinfection; the CD4 cell count was 377 cells/l at 30 months. Viral diversity was evaluated with techniques designed to fully sample the quasispecies, permitting direct observation of the evolution, temporal fluctuation, and intercompartment dynamics of the initial and superinfecting strains and recombinants derived from them. Within 3 months of superinfection, seven different molecular forms were detected in gag and six were detected in env. The proportions of forms fluctuated widely over time in plasma and peripheral blood mononuclear cells, illustrating how challenging the detection of dually infected individuals can be. Strain-specific nested PCR confirmed that the superinfecting strain was not present until the 9 month follow-up. This study further defines the parameters and dynamics of superinfection and will foster appropriate studies and approaches to gain a more complete understanding of risk factors for superinfection and its impact on clinical progression, epidemiology, and vaccine design.
At every replication cycle, human immunodeficiency virus type 1 (HIV-1) recombines the two genomic RNA molecules packaged in the virion through the mechanism of strand switching at reverse transcription (7, 19) . HIV-1-infected cells harbor, on average, four separate proviruses, whose genomic RNA transcripts have the opportunity to assort at the packaging stage and are recombined during the next replication cycle (21) . Recombination reshuffles point mutations arising in the infected individual (40) but gains new significance when individuals become infected with more than one HIV-1 strain, either from the same or from different subtypes. In this case, recombination provides for a series of adjacent mutations to be acquired (or discarded) simultaneously (36) . Intersubtype recombinant HIV-1 strains, which are easier to detect than their intrasubtype counterparts, have been widely documented (29) and have become a major force in the pandemic (24) . Sixteen circulating recombinant forms (CRFs) and hundreds of unique recombinant forms (URFs), the latter being isolated only from single individuals, have been identified. Some regional epidemics are dominated by a single CRF, while others have mostly URFs. In East Africa, URFs account for 30 to 50% of infections, while CRFs have been rare (3, 8, 15, 17) . Epidemics in which CRFs dominate include those in West and West Central Africa, where CRF02_AG accounts for at least 50% of infections (22) , and Southeast Asia, where CRF01_AE is the predominant strain (39) .
Approaches for the molecular epidemiology of HIV-1 have been progressively adapted to better detect coinfections and recombination. The complete sequencing of HIV-1 genomes has led the effort to characterize recombinant strains (6, 30, 38) . Multiregion hybridization assays (MHAs) provide an accurate, high-throughput, and less labor-intensive approach to the detection of recombinants and coinfected individuals. Three different MHAs are in development (16, 22 ; G. Kijak, S. Tovanabutra, et al., Abstr. XV Int. AIDS Conf., abstr.
MoPeC3415, 2004), with each tailored to the mixture of subtypes in a specific geographic region. MHAs provide the capacity to accurately genotype hundreds of samples in a short time period, permitting comprehensive comparisons of different populations and epidemics. Recent work in Tanzania has shown an association between the risk for HIV-1 infection, HIV-1 prevalence, the proportion of strains that are URFs, and the fraction of individuals that may be coinfected with multiple subtypes (4; M. Hoelscher, M. Arroyo, et al., Abstr. AIDS Vaccine 04, abstr. 21, 2004; K.-H. Herbinger, M. Gerhardt, et al., submitted). Clearly, coinfection in populations is a potential source of rapid viral evolution by recombination and an increasing genetic complexity of strains, and some of the tools are in place to determine the impact of coinfection on HIV-1 epidemics and on infected individuals.
More recently, the parameters of HIV-1 coinfection and recombination at the level of the infected cell have been better defined. The demonstration that infected cells harbor multiple proviruses in their genome was an important milestone because it confirmed that the conditions for interstrain recombination are met at the cellular level (21) . By the incorporation of fluorescent reporter genes into HIV-1 strains, it has become possible recently to directly measure rates of recombination, and the parameters that affect these rates, in an in vitro system (25) . The number of crossovers per replication cycle is much higher than previously thought, estimated at 9 per replication round in T lymphocytes and up to 30 per round in macrophages. The same study showed that multiple infections of cells occur freely and that the generation of recombinants is proportional to the square of the infection rate.
The large proportion of unique recombinant forms in some mixed-subtype epidemics, which can exceed 50% of strains, is suggestive, if not prima facie, evidence that coinfection does occur at an appreciable frequency. A recent mathematical model suggests that even a low rate of coinfection would be sufficient to explain an accumulating, substantial fraction of recombinant strains in an epidemic (14) . The major gaps in knowledge are the circumstances that permit coinfection to occur and the dynamics of viral evolution in coinfected individuals.
To date, there have been several well-documented HIV-1 superinfections, and because of their implications for antiviral immunity and vaccines, these reports have precipitated considerable analysis and debate (1, 10, 12, 26) . The first report concerned an individual with MSM (men having sex with men) risk who was initially infected with CRF01_AE and later acquired subtype B (20) . The interval between infection and superinfection was about 2 years. Two other MSM with superinfection were reported shortly thereafter, but both of these, initially infected with subtype B, acquired a second subtype B strain, one 4 months and the other 32 months after initial infection (2, 23) . Two injecting drug users (IDUs) with superinfection were detected in Thailand (34) , one of whom acquired subtype B within 3 months of CRF01_AE infection and the other of whom acquired CRF01_AE almost 3 years after an initial infection with subtype B. All of these superinfected individuals were at high risk for exposure to multiple HIV-1 strains or subtypes. The two cases of IDUs were the result of systematic surveillance in a cohort of 130 individuals, whereas those in MSM were identified because of clinical parameters such as an abrupt elevation in viral load during treatment or the emergence of new drug-resistant strains.
Here we report a comprehensive analysis of a superinfected individual, identified in Africa in the context of a well-designed and systematic cohort study of 600 individuals with heterosexual risk, the HIV Superinfection Study (HISIS). The approaches that permitted the successful development and retention of this cohort, as well as some of its social and behavioral characteristics, have been reported (18, 35) . Other pending reports from HISIS include descriptions of HIV-1 infection in the cohort and its parameters (M. Hoelscher, O. Hoffmann, et al., submitted for publication) and of other coinfected individuals who were also studied in substantial molecular detail (11; S. Piyasirisilp, S. Tovanabutra, et al., unpublished data). Participant 123, who is the subject of this report, was ascertained in the seronegative window period, after HIV-1 infection but before seroconversion, and was identified as a potential superinfection case by MHAacd genotyping every 3 months for 30 months.
MATERIALS AND METHODS
HIV-1 serodiagnosis. HIV-1 diagnosis was done with Enzygnost Anti-HIV1/2 Plus (Dade Behring, Liederbach, Germany) and Determine HIV1/2 (Abbot, Wiesbaden, Germany) tests.
Verification of sample identity. Serial samples from participant 123 and other participants were recoded and analyzed using an AmpFLSTR Profiler Plus PCR amplification kit (Applied Biosystems, Foster City, CA) on DNAs extracted from primary peripheral blood mononuclear cells (PBMC). The alleles at nine short tandem repeat loci were identical in the 10 serial samples from participant 123.
Plasma viral load. Plasma viral loads were determined with RNAs extracted from plasma using the Amplicor HIV-1 MONITOR test, version 1.5 (Roche Molecular Systems, Branchburg, N.J.).
Lymphocyte immunophenotyping. Specimens were drawn in EDTA, kept at room temperature, and stained within 24 h of venipuncture. Trucount tubes (Becton Dickinson, San Jose, CA), which contain a bead pellet, were used in order to determine the absolute counts as well as the percentages of lymphocyte subsets within each specimen. Two Trucount tubes were prepared for each specimen by adding 10 l of either of the following four-color antibody cocktails: (i) CD3-fluorescein isothiocyanate, CD8-phycoerythrin, CD45-peridinin chlorophyll A protein (PerCP), and CD4-allophycocyanin or (ii) CD3-fluorescein isothiocyanate, CD56ϩ16-phycoerythrin, CD45-PerCP, and CD19-allophycocyanin. Fifty microliters of anticoagulated blood was added using the reverse pipetting method. The tubes were vortexed and incubated for 15 min at room temperature in the dark. FACSlyse (450 l) was added to each tube to lyse the red blood cells, and the tubes were incubated as before. The stained specimens were analyzed on a Becton Dickinson FACSCalibur cytometer to determine the percentages and absolute counts of lymphocyte subsets (CD3 ϩ CD4 ϩ , CD3 ϩ CD8 ϩ , B, and NK cells). Virus isolation. The target cells for virus isolation were prepared by thawing cryopreserved HIV-negative donor PBMC and performing depletion of the CD8 ϩ cells using immunomagnetic selection per the manufacturer's instructions (Dynal, Inc.). The CD4-enriched target cells were stimulated with phytohemagglutinin (PHA) for 3 days; the PHA was then washed out, and cells were maintained in cRPMI (RPMI 1640 medium supplemented with 15% heat-inactivated fetal bovine serum, 1% penicillin-streptomycin, and 20 mM L-glutamine) containing 20 IU/ml recombinant interleukin-2 (IL-2) (cRPMI/IL-2) during all subsequent culture periods. The visit 1 virus isolate from patient 123 was obtained by incubating 200 l of patient plasma with 2 ϫ 10 6 CD4 ϩ target cells for 6 h. The plasma was then washed out, and the cells were cultured for 3 weeks in cRPMI/IL-2. Virus expression in culture fluids was monitored every 3 to 4 days by a p24 antigen capture assay (Beckman-Coulter, Miami, FL); virus aliquots were harvested at or near the peak of p24 production and stored in liquid nitrogen. The cultured cells expressing the patient 123 visit 1 virus were cryopreserved at Ϫ80°C.
Nucleic acid extraction. PBMC DNA or DNA from virus culture was extracted using QIAamp blood extraction kits (QIAGEN, Valencia, CA) or a MagNaPure LC DNA isolation kit on a MagNaPure LC instrument (Roche Diagnostics Corp., Indianapolis, IN) per the manufacturer's instructions. Viral RNAs were extracted from plasma using Roche Amplicor version 1.5 (Roche Molecular Systems, Branchburg, NJ).
MHAacd. The MHAacd used for this study was performed as described previously (3, 16) , using DNA extracted from primary PBMC. Briefly, in the firstround PCR, five short amplicons distributed across the HIV-1 genome were produced. Second-round amplification was done in the presence of subtypespecific fluorescent probes using an ABI 7700 sequence detection system. Each first-round product was amplified in three second-round PCRs, each conducted in the presence of a different subtype-specific probe.
PCR. Table S1 in the supplemental material lists the PCR primers used for this study, together with their locations in reference strain HXB2 and the temperatures used for annealing or reverse transcription. The PCR conditions and cycling parameters were as follows.
(i) DNA PCR of gag and gp41/nef. The gag (HXB2 positions 892 to 2272) and gp41/nef (HXB2 positions 7745 to 9037) regions of HIV-1 viral quasispecies were retrieved by nested PCRs using two different outer and inner primers in four different pairwise combinations. First-round PCRs were conducted in 50-l mixtures with 5 l of 10ϫ PCR Gold buffer (Applied Biosystems Inc., Foster City, CA), a 200 M concentration of each deoxynucleoside triphosphate (dNTP), 1.5 mM MgCl 2 , a 0.4 M concentration of each primer, 0.75 U of AmpliTaq Gold DNA polymerase (Applied Biosystems Inc.), and 5 to 10 l of DNA template. The cycling conditions for the first round were 1 cycle at 95°C for 10 min; 35 cycles of 95°C for 10 s, the annealing temperature for 30 s, and extension at 72°C for 2 min; and a final extension at 72°C for 10 min. The second-round PCRs contained similar final concentrations in the PCR mixtures, but with 1 l of the pooled first-round products from two different outer primer pairs, and the number of repeat cycles was 30. The sequences of the primers and the annealing temperatures used are given in Table S1 in the supplemental material.
(ii) RT-PCR of gag and gp41/nef. RNAs were extracted as for the Roche Amplicor version 1.5 viral load assay (ultrasensitive method) and were the template for reverse transcription-PCR (RT-PCR) with a QIAGEN one-step RT-PCR kit (QIAGEN Inc., Valencia, CA) as instructed by the manufacturer. The primer pairs used for the first-round RT-PCR and DNA PCR in each region were the same as the primers used for the first-round DNA PCRs described above, as shown in Table S1 in the supplemental material. A reverse transcription step at 50°C for 30 min was followed by DNA PCR cycling conditions as described above, except that the initial time at 95°C was increased to 15 min to inactivate reverse transcriptase and activate Hot Start Taq DNA polymerase. The second-round PCR was performed as described above.
(iii) RT-PCR of gp160. Extracted RNAs were subjected to RT-PCR using an Invitrogen SuperScript III for RT-PCR kit (Invitrogen Corp., Carlsbad, CA) as instructed by the manufacturer. Briefly, an RNA-primer mix containing up to 5 l RNA, 2 l of 10 mM dNTPs, 1 l of primer JL89 (50 mM), and diethylpyrocarbonate-treated water to make up a 10-l reaction volume was incubated at 65°C for 5 min. Ten microliters of cDNA synthesis mix containing 2 l of 10ϫ RT buffer, 4 l of 25 mM Mg 2 Cl, 2 l of 0.1 M dithiothreitol, 40 U of RNaseOUT, and 200 U of SuperScript III reverse transcriptase was added. The mixture was then incubated at 50°C for 2 h and at 85°C for 5 min to terminate the reaction. The synthesized cDNAs were chilled on ice and subjected immediately to DNA PCR. DNA PCRs were performed using previously described procedures (31) . The primers for the first-round PCR were JL 86 and JL89, and the second-round primers were ED3 and JL88TA (see Table S1 in the supplemental material).
Molecular cloning. (i) gag and gp41/nef. The four PCR products obtained from DNA amplification of gag or the four products from gp41/nef amplification were combined and concentrated using Microcon YM-50 centrifugal filters (Millipore Corp., Billerica, MA), purified, and cloned into the pCR2.1-TOPO vector using a Topo TA cloning kit and TOP10 one-shot chemically competent cells as instructed by the supplier.
(ii) gp160. The purified gp160 PCR product was concentrated using Microcon YM-50 filters, purified, and cloned into the pCRXL-TOPO vector using a Topo XL PCR cloning kit and MAX Efficiency Stbl2 competent cells (Invitrogen Corp., Carlsbad, CA) as instructed by the supplier.
DNA sequencing. Plasmid DNAs were extracted using a Qiawell 8 ultraplasmid kit (QIAGEN, Valencia, CA). At least 20 clones from each genome region were sequenced using BigDye Terminator v. 3.1 cycle sequencing kits and an ABI 3100 capillary sequencer (Applied Biosystems Inc., Foster City, CA). DNA sequences were assembled using Sequencher software, version 4.2 (Genecodes Inc., Ann Arbor, MI).
Phylogenetic analysis. DNA sequences were aligned with reference sequences of important HIV-1 subtypes and CRFs. Phylogenetic analysis was done with the SEQBOOT, DNADIST (Kimura 2 parameter; transition/transversion ratio, 2.0), NEIGHBOR, and CONSENSE modules of PHYLIP (9) . Trees were generated with Treetool (27) . A subtype J sequence was used as the outgroup root. Recombinant strains were identified and mapped by bootscanning (37) using maximum parsimony and a sliding window of 300 nucleotides (nt) overlapping by 20 nt. Subregion trees were used to confirm subtype assignments and were generated as described above, except that representative sequences of the molecular forms under analysis were used instead of the complete data set. All sequences derived from visits 0, 1, and 2 are represented with open symbols in the figures, and sequences from visit 3 or later are shown with closed symbols. All scale bars represent a 10% difference. The numbering of breakpoints was done according to the reference strain HXB2 (www.hiv.lanl.gov).
Viral strain-specific PCR. To differentiate between initial and superinfecting HIV-1 strains, strain-specific primers were designed based on the known sequences, and flanking, outer primers were designed using sequences common to the two strains. The primers and their annealing temperatures are shown in Table S1 in the supplemental material. DNA PCRs were conducted in a final volume of 50 l containing 5 l of 10ϫ PCR Gold buffer, a 200 M concentration of each dNTP, 1.5 mM Mg 2 Cl, a 400 nM concentration of each primer, and 0.5 U of AmpliTaq Gold DNA polymerase. One microliter of the first-round products was used as the template for second-round PCR. The cycling conditions were as follows: 1 cycle at 95°C for 10 min; 35 cycles of 95°C for 10 s, the annealing temperature for 30 s, and extension at 72°C for 2 min; and a final extension at 72°C for 10 min.
GenBank sequence accession numbers. The sequences obtained in this study have been contributed to GenBank. The complete genome has the accession number AY945709. The accession numbers for gp160 from visit 1 plasma are AY887501 to AY887515, and those for gp160 from visit 3 plasma are AY887516 to AY887535. The accession numbers for gp41/nef sequences are as follows: AY887287 to AY887379, form I; AY887380 to AY887427, form II; AY887428 to AY887433, form III; AY887434 to AY887435, form IV; AY887436 to AY887499, form V; and AY887500, form VI. The gag sequences are found under the following accession numbers: AY887175 to AY887253, form I; AY887254 to AY887255, form II; AY887256 to AY887261, form III; AY887262 to AY887263, form IV; AY887264 to AY887281, form V; AY887282, form VI; and AY887283 to AY887286, form VII. See Table S2 in the supplemental material for additional details.
RESULTS
HISIS and participant 123. Dual infections with two or more HIV-1 subtypes are being systematically evaluated in the Mbeya region of Southwestern Tanzania. Based on a behavioral and demographic study throughout the region (18), 600 female bar workers have been enrolled in HISIS and monitored every 3 months for more than 3 years. The participants are at high risk for HIV-1 infection and are exposed to subtypes A, C, D, and their recombinants. At baseline, almost 70% were HIV-1 seropositive, and the HIV-1 incidence in the first year of follow-up was 14%. Through a combination of risk reduction counseling, condom promotion, and treatment of other sexually transmitted infections, the HIV-1 incidence dropped significantly in years 2 and 3 of the study (M. Hoelscher, O. Hoffmann, et al., unpublished data).
To detect dual infections, a genetic screening assay, the MHAacd, was applied to serial samples from almost 200 HISIS participants. This assay evaluates the genetic subtype in multiple regions along the genome with subtype-specific fluorescent probes. The overall results of genetic screening for HISIS and confirmation and characterization of several other dualinfection cases will be reported elsewhere (11; S. Piyasirisilp, D. Mloka, et al., unpublished data). Participant 123, who is the subject of this report, was selected for in-depth genetic analysis because she was enrolled in the study during the seronegative window period shortly after infection and showed two indications of dual infection, namely, a shift in subtype over time and Table 1 . Samples were drawn from the baseline and 10 follow-up visits, spanning 30 months. At baseline, participant 123 was HIV-1 seronegative with a plasma viral load of 3.6 ϫ 10 3 copies/ml, and the MHAacd was negative for DNA extracted from primary PBMC. At 3 months, she was HIV-1 seropositive, had a plasma viral load of Ͼ2 ϫ 10 6 copies/ml, and harbored an ACD recombinant genotype in PBMC. The viral load remained high until 12 months, when a set point at 6.7 ϫ 10 4 copies/ml was achieved and generally maintained. Visit 2, which occurred 6 months after enrollment, marked the beginning of clinical symptoms consistent with a recent HIV-1 infection, and throughout the subsequent months of study, participant 123 experienced repeated health problems. Her CD4 cell count was 482 cells/l after 24 months of follow-up and had declined to 377 cells/l by 30 months. MHA genotyping was incomplete at 6 months but was consistently achieved thereafter. Importantly, the subtype shifted from A to C in a region at the end of gag which overlaps with the pol reading frame (Table 1) , and at the same visit, multiple probes began to hybridize to the gp41 region of the envelope, where only the subtype D probe hybridized initially. The serial samples from this participant were verified independently using Profiler (see Materials and Methods), confirming that different MHA genotypes evolved in a single individual over time. These results suggested that participant 123 was infected with an ACD recombinant HIV-1 strain shortly before the baseline visit and became superinfected with one or more additional HIV-1 strains between 3 and 9 months of follow-up.
Sampling the viral quasispecies. Evaluations of dual HIV-1 infections require adequate sampling of the viral quasispecies, because the proportions of strains may be unequal and fluctuating. For primary PBMC or plasma, the strategy employed throughout this study was to PCR amplify a genome region of interest with two sets of outer primers and two sets of inner primers used in four pairwise combinations. PCR products from the four separate amplifications were combined and molecularly cloned, and individual clones, usually 20 or more per sample, were sequenced. The genome regions selected for study included the complete gp160 gene (2.5 kb), a 1.4-kb region encompassing most of gp41 and the beginning of nef, and a 1.3-kb amplicon including most of gag. Also, a complete genome sequence was obtained using DNA from a virus culture.
Initial strain. Genetic analysis was initiated with the plasma sample from the first seropositive visit, when the viral load was at its highest observed level. Virus isolation was achieved by coculture with PHA-stimulated primary donor PBMC, and DNA from the culture was the template for complete HIV-1 genome amplification by limiting-dilution nested PCR and for sequencing. The strain was a complex ACD recombinant with 12 breakpoints across the genome (Fig. 1) . Each of the 13 genome regions demarcated by the breakpoints was analyzed separately (Fig. 1, trees I to XIII) to confirm the subtype. The first segment, encompassing gag and the first half of pol, was subtype A. The subtype switched to C, then to D, and back to C near the end of pol. In the mid-genome accessory gene region, there were several closely spaced shifts in a complex mosaic pattern of subtypes C, D, and A. The env gene was mosaic, with four crossovers, and included segments of subtypes C, A, and D. The first half of nef was subtype D.
Envelope genes of initial and superinfecting strains. HIV-1 env genotypes in the plasma compartment were investigated at the first seropositive visit (visit 1) and at visit 3, when the genotype had shifted in the MHAacd assay (Table 1 ). Figure  2A shows the results of a phylogenetic analysis of 15 and 20 plasma-derived clones from visits 1 and 3, respectively. At visit 1, the quasispecies was highly homogeneous (open circles; mean pairwise nucleotide sequence distance, 0.5%), and all sequences clustered with a bootstrap value of 100%. The env gene from the visit 1 virus culture ( Fig. 2A, arrow) was nearly identical to sequences recovered from visit 1 plasma. At visit 3, a different, but also highly homogeneous, strain (mean pairwise nucleotide sequence distance, 1.0%) was found, again clustering together with a 100% bootstrap value (filled circles). In this case, two subfamilies of sequences could be discerned (variant 1 and variant 2, including 13 and 7 sequences, respectively), each of which was supported by significant bootstrap values. The visit 1 and visit 3 strains differed by 15.5% at the nucleotide level. Both strains formed deep branches in subtype A. The translated protein sequences of these strains differed by 25.6%. The regions of greatest divergence were V1 through V5 and the cytoplasmic domain of gp41. Variants 1 and 2 from visit 3 were quite similar, differing at 25 positions scattered throughout the envelope (see Fig. S2 in the supplemental material).
The visit 1 and visit 3 env genes were analyzed by bootscanning, and both were found to be recombinant. Their structures are compared in Fig. 2B . The visit 1 envelope was an ACD recombinant which was identical in structure to that found in the complete genome sequence. The envelope at visit 3 was an AC recombinant with four crossover points. Subregion trees confirmed the structure of the visit 3 envelope and verified that variants 1 and 2 had the same AC recombinant structure (see Fig. S1 in the supplemental material). Interestingly, the visit 1 and 3 envelope genes had two breakpoints in common, within the precision afforded by bootscanning, at position 6957 and position 8434 (HXB2 numbering), respectively. Regions that were the same subtype in the two envelopes were then compared (Fig. 2B, center panel) . While both envelope genes began with a subtype C segment, these were from different subtype C lineages, since the sequences from the two time points clustered separately and the branch lengths separating them were typical for other pairs of unrelated subtype C strains. Similarly, the two subtype A regions that could be compared were from different subtype A lineages. It was concluded that the envelopes of the strains recovered at visits 1 and 3 were unrelated recombinants, i.e., one ACD recombinant and one AC recombinant.
Temporal evolution of gp41/nef in the viral quasispecies. The genetic analysis of the superinfection was extended to include additional visits, using plasma as the source of viral RNA and a 1.4-kb amplicon encompassing most of gp41 and the first half of nef. Figure 3A shows the relationships of 69 gp41/nef clones from visit 0, before seroconversion, and from visits 1 through 3. The molecular forms that were recovered are indicated with Roman numerals, and their recombinant structures are shown in Fig. 3B . All of the clones from visits 0, 1, and 2 clustered tightly and represented form I, an AD recombinant. At visit 3, four other molecular forms were recovered, and form I was not seen. Forms III, IV, and VI were ACD recombinants, each with a different but related structure (form II, recovered only from PBMC, will be described below). Form V was an AD recombinant with essentially the same recombinant structure as form I but was a secondary recombinant with the subtype A portion from the superinfecting strain. Indeed, all of the molecular forms except for form I received their subtype A portions from the superinfecting strain. Subregion trees establishing this observation are shown in Fig. S3 in the supplemental material. The subtype D portions of all of the molecular forms derived from the initial strain, whereas the subtype C portions all derived from the superinfecting strain. Form III represents the strain recovered by gp160 cloning of the visit 3 plasma (compare Fig. 2B , visit 3 strain, and Fig. 3B, form III) , but in the gp160 analysis by a single nested PCR, only this form was seen, whereas in the analysis of gp41/nef, where multiple primer combinations were applied, additional forms were found.
In summary, the plasma contained a highly homogeneous AD recombinant strain that was present before seroconversion and persisted for the first 6 months of infection without any appreciable diversification. At 9 months, a superinfecting strain, together with recombinants of the initial and superinfecting strain, was present, but the initial strain was not recovered among the clones analyzed. Figure 3C shows a similar analysis using the same gp41/nef amplicon but exploring the viral quasispecies using DNAs extracted from PBMC. In this case, visits 1, 2, 3, 4, 7, and 10 were included to monitor viral evolution for 30 months after infection. Selected clones from the plasma compartment were included in the analysis, serving as markers to identify the different molecular forms. In all, 126 new clones were analyzed.
All of the molecular forms found in plasma from visits 0 to 3, except form VI, were also found in PBMC, together with an additional form, form II. Form I, the initial strain, was the only form found for visits 1 and 2. In parallel with the case for the plasma compartment, form I was not found at visit 3 but was occasionally detected later, in one clone at visit 4 and two clones at visit 10. It is highly likely that form II represents the superinfecting strain, since all of the other forms can be derived by recombination between forms I and II. Figure S3 in the supplemental material contains the subregion trees confirming the structure of form II. Form II was found in PBMC from visits 3, 4, 7, and 10. Forms III, IV, and V found in plasma were also present in PBMC, and as in plasma, form V was the most abundant of these at visit 3 but was also substantially represented at later time points. Forms III and IV were of low abundance in both PBMC and plasma. These data indicate that within 3 months of superinfection, multiple recombinant forms derived from the initial and superinfecting strains were generated. At the same time, there was a significant rebalancing of the viral quasispecies in both PBMC and plasma. Neither the plasma nor the PBMC compartment showed evidence of the presence of the superinfecting strain (form II) prior to visit 3. The superinfecting strain was apparently present quite transiently in the plasma and was quickly replaced by a dominant recombinant strain, form V, and other recombinants.
Are the proportions of molecular forms recovered from the various visits and compartments significantly influenced by sampling? This question was addressed using visit 3 PBMC, in which the quasispecies was heterogeneous and the molecular forms were present in highly unequal proportions. The visit 3 DNA sample was amplified and cloned a second time, using the same method as before, and the proportions of molecular forms in the two samples were compared. The three most abundant forms, II, III, and V, were recovered in similar, if not identical, proportions in samples 1 and 2. The less abundant forms I and IV were not as consistently sampled (see Fig. S4 in the supplemental material). Notably, the second sample permitted recovery of a form I clone, representing the initial strain, from visit 3. This was the only form I clone found among 20 gp160 and 20 gp41/nef clones from visit 3 plasma and among 38 gp41/nef clones from PBMC. The temporal evolution of the quasispecies in plasma and PBMC is summarized in Fig. 4 . For both compartments, only form I was recovered from the time of infection until visit 3. A heterogeneous new quasispecies appeared at visit 3, in which the predominant strain was form V, a recombinant between the initial and superinfecting strains. Form II, the superinfecting strain, was abundant in PBMC but not recovered from plasma at visit 3, whereas plasma included form VI, which was not recovered from PBMC. Form IV was rare in both compartments at visit 3. From PBMC, a diverse quasispecies was recovered at visits 4, 7, and 10, including forms I, II, III, and V in fluctuating proportions. Rapid turnover of the quasispecies in PBMC was occurring after superinfection. The obvious imbalance between PBMC and plasma samples from visit 3 is also noteworthy.
Temporal evolution of gag in the viral quasispecies. The analysis of viral evolution in participant 123 was extended by independent sampling of another gene region, a 1.4-kb amplicon encompassing most of the gag gene, to separately establish parameters of viral evolution and compare them with those established using the gp41/nef amplicon. Figure 5A presents an analysis with 112 gag clones recovered using DNAs extracted from PBMC on visits 1, 2, 3, 4, and 7. Seven molecular forms were recovered (Fig. 5B) . The most abundant, form I, was subtype A. It accounted for all clones from visits 1 and 2 and for a portion of clones from all subsequent samples. The next most abundant form was form V, an AC recombinant whose subtype A parent is different from form I (see Fig. S5 in the supplemental material). All of the other forms were recombinants between forms I and V; therefore, form V is the likely superinfecting strain for gag. Forms II, III, IV, VI, and VII represent various recombinants between forms I and V, and these remained relatively rare in the quasispecies.
A comparison of the translated Gag proteins of the initial and superinfecting strains showed that the most diversity was found in p17 and p6, where the two strains were from different subtypes. Of interest, the most conserved portion, p24, was subtype A in both strains and differed by only 15 of 130 amino acids (see Fig. S6 in the supplemental material) .
Superinfection or cotransmission? Is it possible that the superinfecting strain was transiently present and/or present at an extremely low abundance from the beginning and that this case represents cotransmission rather than superinfection? This question was addressed by the development and application of a strain-specific nested PCR assay. Figure S7 in the supplemental material shows the design of the assay and its validation with clones from the two strains. Figure 6 shows the amplification of serial samples from PBMC and plasma. For both compartments, the initial strain was easily detected from the earliest time points, whereas the superinfecting strain was not amplified until visit 3.
Contrasting dynamics of gag and env in the viral quasispecies. A comparison of gag and gp41/nef in the viral quasispecies sampled from PBMC showed that gp41/nef of the initial strain was virtually replaced by that of the superinfecting strain and its recombinants, whereas the gag gene of the initial strain persisted at significant levels (Fig. 7A) . The portion of gp41 that was apparently counterselected was the subtype A portion of the initial strain, encompassing the gp41 ectodomain, which was virtually completely replaced by the corresponding portion, also subtype A, of the superinfecting strain. In contrast, the initial strain persisted for Ͼ21 months in gag, even constituting the majority strain at some time points. Recombinants of the two strains were never in the majority for gag, but did dominate the quasispecies in gp41/nef. Figure 7B shows how dynamic the PBMC compartment can become in the setting of superinfection and highlights the sampling issues that arise. Between visits 3 and 4, for example, the viral quasispecies in gag shifted from one in which the initial, superinfecting, and recombinant strains were all well represented to one in which the initial strain again dominated, while at the same time the gp41/nef quasispecies became dominated by the superinfecting strain. Similar shifts in proportions continued at subsequent visits. The extent of turnover of the PBMC compartment, thought to represent a relatively stable reservoir of viral strains compared to plasma, is remarkable. Figure 7C places viral evolution in the context of the clinical picture developed for participant 123. The period of high viral load resolved to a set point between 9 and 12 months of infection. The superinfection apparently occurred approximately 3 months earlier, between 6 and 9 months of follow-up. The superinfection resulted in an explosion of viral diversity, including not only the superinfecting strain but also many recombinants derived from it, and the establishment of multiple molecular forms in PBMC and plasma occurred in less than 3 months.
DISCUSSION
This study contributes to a growing body of data suggesting that infection with HIV-1 does not necessarily protect against reinfection with another HIV-1 strain. It will be important to determine whether superinfection is the result of an immune system that is weakened or damaged by HIV-1 infection itself if HIV-1 infection in humans parallels recent work with the simian immunodeficiency virus (SIV) model system (28) . An early and sometimes severe depletion of memory CD4 ϩ T cells in the first weeks of infection may abrogate the defense against many pathogens, even those to which the host had established memory responses; HIV-1 superinfection may be part of this generalized immune impairment. Alternatively, superinfection may reflect a failure of crossprotective immunity resulting from the genetic diversity of HIV-1. Superinfection might be expected to occur more readily when genetically diverse strains, such as different subtypes, challenge the already-infected host. Previous reports have documented superinfections both with strains of the same subtype and with strains of different subtypes; this report presents an intermediate case, with recombinant strains partly of the same subtype. A recent report by Yang et al. (41) , like an earlier study (34) , describes superinfection in an individual where T-cell responses to the initial strain were limited in the ability to recognize the superinfecting strain. However, superinfection can occur even in individuals with a broad T-cell response (2) .
There is indirect evidence that participant 123 did subject the superinfecting strain to immune pressure. A key observation is the virtual replacement of the initial strain with a new recombinant in gp41/nef. The rapid turnover of the viral quasispecies in PBMC after superinfection could also reflect continuing immune pressure, or this could be the result of random expansion of latent viral variants. The fact that the superinfecting strain, which must have been vastly in the minority at the moment of superinfection, came to have a relatively high abundance in the viral quasispecies in plasma, along with recombinants derived from it, is also presumptive evidence of strong selection. Finally, participant 123 did gain control of an initially high viral load and was able to establish and maintain a set point; it is doubtful that this could have occurred without some immune control of the superinfection.
The potential public health importance of superinfection, with its capacity to rapidly generate new and potentially transmissible recombinant forms (10) and a higher viral load set point in dually infected individuals than in singly infected individuals (13) , has already been noted. It appears that superinfection can generate not just one but many new recombinant forms, some of which persist at appreciable levels in the host for years. The link between dual infection and recombinant forms is now strongly forged by this and other studies, and given the established relationship between viral load and transmission (5, 32, 33) , it may be that recombinants are generated in individuals who also develop higher viral loads and readily transmit them. Eventually, superinfection would be expected to increase the complexity of viral genotypes circulating in the population. Specific and concerted interventions in high-risk populations, who may be particularly susceptible to superinfection, may have a population-level as well as individual benefit.
Does HIV-1 superinfection have direct, negative implications for vaccine development? The most important data to answer this question may come from clinical trials of candidate HIV-1 vaccines in seronegative volunteers because this is the best opportunity to measure the protective effect of immune responses generated with a defined immunogen in the context of a healthy immune system. It will also be important to determine what proportion of individuals harboring two or more HIV-1 strains acquired them simultaneously at the time of first infection because these cases do not pertain to the issue of reinfection in the face of an ongoing anti-HIV-1 immune re- FIG. 6 . Detection of initial and superinfecting strains in serial PBMC and plasma samples from participant 123 using strain-specific PCRs. (Left) DNAs from PBMC from the indicated visits were amplified in the first round with universal primers and in the second round with strain-specific primers, either for gag or for gp41. PCR products were separated in agarose gels and stained with ethidium bromide. (Right) Similarly, nested PCR was applied to RNAs from plasma samples by incorporation of an initial reverse transcription step. Boxes highlight the absence of the superinfecting strain before visit 3.
11702
MCCUTCHAN ET AL. J. VIROL.
sponse. This report and others do establish that superinfection is possible, but additional research will be needed to interpret superinfection in the context of anti-HIV-1 immunity and vaccine development. 
